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DOE Sec. Bodman

 

announced the 
National Center for SSL R&D

Sandia has been designated the lead lab of the 
National Center

CINT Core Facility in Albuquerque

CINT Gateway 
to Los Alamos

Microsystems and Engineering Sciences Applications (MESA)

Two New Research Facilities and 
National Lab Center for SSL R&D

Microlab

Microfab



Major Technological Issues Associated 
with Group III-N Epitaxy

2) Defect formation in the InGaN layers

1) Lack 
of a GaN 
substrate

Grow on 
sapphire 
or SiC

Results large 
numbers of 
dislocations.

Dislocations trigger

3) Temperature measurement and InGaN stability

-

 

Visible and IR pyrometers do not 
measure substrate growth temperature. 
-

 

Indium incorporation depends 
strongly on growth temperature. 

4) Group III-N MOCVD growth conditions. 

5) Compressive strain of InGaN on GaN

V-defects 
form at 
dislocation 
cores.
Also have 
point and 
impurity 
defects. 

-

 

Gas phase parasitic reactions.
-

 

InGaN growth in only N2

 

, no H2

 

.
-

 

Metallic indium on surface.

Exact influence of V-defect on LED 
performance is still under investigation.

Dislocation

-

 

Strain increases as the 
indium content and film 
thickness increase.
-

 

Relieving strain creates 
undesired defects.
-

 

Indium content may be 
limited to ≤

 

20%.



1). Lack of a GaN substrate.
“Development of Bulk Gallium Nitride Growth Technique for Low Defect                        
Density Large Area Native Substrates”

 

–

 

PI: Karen Waldrip –

 

NETL –

 

2nd year.
“Nanowire Templated

 

Lateral Epitaxial Growth of Low Dislocation Density GaN”

 
PI: George Wang – NETL – 2nd

 

year (18 months). 
“Nanostructural

 

Engineering of Nitride Nucleation Layers for GaN Substrate     
Dislocation Reduction”

 

–

 

PI: Dan Koleske – 2nd

 

year (18 months).

2). Defect formation in the InGaN layers.
“Luminescence, Structure, and Growth of Wide-Bandgap                     
Semiconductors”

 

PI: Steve Lee –

 

BES –

 

ongoing.

3). Temperature measurement and InGaN stability.
“Improved InGaN Epitaxy Yield by Precise Temperature Measurement”

 
PI: Randy Creighton –

 

NETL –

 

completed.

4). Group III-N MOCVD growth conditions.
“Improved InGaN Epitaxial Quality by Optimizing Growth Chemistry”

 
PI: Randy Creighton – NETL – “new”.

5). Compressive strain of InGaN on GaN.
“Innovative Strain Engineered InGaN Materials of High Efficiency Green                                      
Light Emission”

 

–

 

PI: Mike Coltrin - NETL – 2nd

 

year

Group III-N Epitaxy Research Programs at Sandia

√
√

√

√

√



Goals of the Grand Challenge:
1.

 

Help establish the fundamental science and technology base for SSL.
2.

 

Develop the technology infrastructure for Group III-nitride material 
sciences for synergistic national security needs.

Sandia’s Grand Challenge LDRD
on Solid-State Lighting began in 2000

At the end of FY04, this project had invested ~$8M internal funds on SSL  
Built on Sandia’s investment of

 

several $100 M in compound semiconductor 
technology

 

over more than 20 years.





“Improved InGaN Epitaxy Yield by Precise 
Temperature Measurement”

 

–

 

Randy Creighton

Project Team:
PI -

 

Randy Creighton
Growth -

 

D.D. Koleske, G. Thaler, and M.J. Russell
Pyrometry expertise –

 

Bill Breiland, PL -

 

Art Fischer
Early contributions –

 

C.C. Mitchell and K.E. Waldrip

380

400

420

440

460

480

500

520

540

700 710 720 730 740 750 760 770 780 790 800 810

NUV-ECP Temperature (°C)

P
L 

w
av

el
en

gt
h 

(n
m

)

r2

 

= 0.995

slope = -1.5 
nm/deg

Background: There is a strong temperature 
dependence on indium incorporation

NIR Pyrometer 
viewing wafer 
holder (indirect)

NUV 
Pyrometer 
viewing wafer 
surface (direct)

wafer holder

e.g. Veeco RealTemp®
LayTec

 

True Temp

proximity 
thermocouple

(very indirect)

Various methods of temperature measurement 
are used with different levels of success.
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Goal: Develop a pyrometer that measures  
the “true”

 

surface temperature.

Randy’s idea focus on 400 nm and 7 μm wavelengths



“Improved InGaN Epitaxy Yield by Precise
Temperature Measurement”

 

–

 

Randy Creighton
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First true NUV pyrometer developed at Sandia 
by Randy Creighton, JCG 287, 572 (2006).
Last year Laytec

 

developed a commercial UV 
pyrometer based on research at Sandia.

NETL funded
research at 
Sandia

Commercial 
product



“Development of Bulk Gallium Nitride Growth 
Technique for Low Defect Density Large 
Area Native Substrates”

 

–

 

Karen Waldrip

•

 

Nitrogen gas reaction kinetics slow, 
thermodynamics cumbersome.

•

 

Goto

 

and Ito (Kyoto University) have 
demonstrated continuous and nearly 
quantitative electrochemical reduction of 
nitrogen gas in a molten chloride salt.

•

 

Gallium oxidation is straightforward.
•

 

Ga+3

 

and N-3

 

are very soluble in molten salt.
•

 

Our novel approach: crack precursors 
electrochemically and precipitate crystal from 
solution!

•

 

Inexpensive, large-area boules may be possible.
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Background Scan

N2 Electrode 5 sccm

1/2 N2

 

+ 3e-

 

→ N3-0.9x0.6mm 
grown in 
2hrs (vs. 
state of the 
art 1cm2

 

x 
100 µm in 
30+ days)

Current vs. 
Voltage curves.  
Magenta = 
background (and 
Lithium 
reduction); Blue 
= N2 reduction

*All discrete parts of approach have now 
been demonstrated in proof-of-concept 
form with minimal investment in equip-

 
ment; more sophisticated equipment 
necessary to combine experimental ele-

 
ments

 

and make further improvements.

Potentiostat

N-3Ga+3

N2 in

GaN bouleGaN boule

0.9 x 
1.25mm 
crystal with 
120o 

hexagonal 
facets

Goal: Obtain bulk mm-sized GaN crystals



““Nanowire Nanowire TemplatedTemplated

 

Lateral Epitaxial Growth of Lateral Epitaxial Growth of 
Low Dislocation Density GaNLow Dislocation Density GaN””

 

--

 

George WangGeorge Wang

1) Vertical, aligned 
nanowire growth

2) Lateral 
film growth

3) Film 
coalescence

Advantages of NTLEG approachAdvantages of NTLEG approach
•

 

Dislocation-free nanowire arrays serve as growth template
•

 

Nanowires serve as 3D-compliant nanoscale bridges connecting film and 
substrate, relieving strain in the film & reducing defects (nanoheteroepitaxy)

•

 

Low cost
•

 

Sapphire can be used (potentially even Si)
•

 

Requires no patterning or interruption of growth
•

 

Cost is comparable to standard GaN growth on sapphire
•

 

Film takes on nanowire orientation (non-polar orientations available)

Goal:

 

To develop a novel, low-cost technique employing vertically 
aligned GaN nanowire arrays for reduced dislocation density GaN.

a-plane
growth 
direction



Plan-view SEM

Dense, uniform, vertically aligned growth of Dense, uniform, vertically aligned growth of 
GaN nanowires on sapphire over 2GaN nanowires on sapphire over 2””

 

waferwafer

Cross-section view SEM

Fully coalesced Fully coalesced aa--plane NTLEG GaN films demonstrated from nanowire templatesplane NTLEG GaN films demonstrated from nanowire templates

Nanowire ‘legs’

“Free-standing”

 
NTLEG GaN film

(nanowires facilitate 
film removal from 

substrate)



“Luminescence, Structure, and Growth of 
Wide-Bandgap Semiconductors”

 

–

 

Steve Lee

(TMGa flow is fixed at 98 μmoles/min)
Related observations:

Z. Liliental-Weber, et al., J. Electron. 
Mat. 30

 

(‘01) 439.
S. Pereira, et al., APL 80

 

(‘02) 3913.
Shimizu, et al., JJAP 36

 

(‘97) 3381.

GaN

~100-nm-thick InGaN 
on GaN at 760 C:

Gas-phase composition
0.34 0.51 0.60

For these flow 
conditions the 
composition  

almost doubles 
upon strain 
relaxation

Coherently strained
InGaN

Strain-relaxed 
InGaN

Both layers 
obtained in same 
growth run using 
the same MO flow 
rates.

Need to develop strain relaxed InGaN layers for indium content >

 

0.2
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•

 

QW emission shifts to longer wavelength 
on strain-relaxed InGaN templates

•

 

This implies that In-composition of QWs 
increases with In-composition of the 
strain-relaxed InGaN template 

•

 

Nominal QW compositions on standard 
GaN templates were xQW

 

~0.13-0.16
•

 

Compositions of similarly grown QWs on 
relaxed In0.10

 

Ga0.90

 

N approach xQW

 

~0.26
•

 

Increase in InGaN QW composition is 
directly proportional to the composition of 
the relaxed InGaN template

Conclusions:
•

 

Fundamental premise of the 
project is confirmed

•

 

QW emission at 531 nm exceeds 
1st

 

year milestone (505 nm)

growth
run
#

GaN
template,

λQW
(nm)

InGaN
template,

λQW
(nm)

ΔλQW
(nm)

InGaN
template,

x
(---)

InGaN
QWs,
ΔxQW
(---)

dnz01166 431 444 13 0.036 0.022

dnz01254 --- 479 42 0.060 0.071

dnz01299 442 466 22 0.037 0.037

dnz01376 463 531 68 0.103 0.115

dnz01439 429 446 17 0.037 0.029

dnz01439 429 468 39 0.103 0.066

Innovative Strain Engineered InGaN Materials of 
High Efficiency Green Light Emission –

 

Mike Coltrin



>1x109

 

cm-2

 

~ 4x108

 

cm-2

 

5.5x107

 

cm-2

3 µm x 3 µm

“Nanostructural

 

Engineering of Nitride Nucleation 
Layers for GaN Substrate Dislocation Reduction”

 

–

 

Dan Koleske

Approach: Reduce the GaN nucleation site density on 
sapphire, establish oriented GaN grains, and coalesce 
films without the formation of additional nuclei.

If lower dislocation density substrates existed then…
1) Improve epitaxial

 

quality –

 

smoother surfaces & interfaces.
2) Reduce density of V-defects in green InGaN QWs

 

& LEDs. 
3) Dislocation mediated degradation should be reduced.

Goal: Routinely achieve dislocation densities of 
~ 1x108

 

cm-2

 

on sapphire without too much 
additional growth overhead

Case 1: Dislocations are 
generated along tilt boundaries.

Case 2: Dislocations are 
generated with in each nuclei.

ρ

 

≈

 

(2Γ/Kb) nD
1/2

Using a simple geometric model 
for the dislocation, ρ, generation 

vs. the nucleation density, nD

ρ

 

≈

 

nD



Dislocation density measured using XRD –

 

Lee et al. APL 86, 241904 (2005).
Best dislocation density for simple two step (NL + HT) GaN on sapphire is 4.0x108

 

cm-2

Annealing sapphire removes the polishing damage

Need different growth conditions depending on whether 
the sapphire is annealed or not.
On the annealed sapphire have to silicon nitride to get 
smooth films –

 

have gotten lower dislocation densities.

Using the current process dislocation densities of ~ 2.5x108

 

cm-2

 

were achieved.

smooth GaN rough GaN

rough GaN smooth GaN

200 μm

“Nanostructural

 

Engineering of Nitride Nucleation 
Layers for GaN Substrate Dislocation Reduction”

 

–

 

Dan Koleske

+SiN +SiN

Direct 
NL on 
growth

Direct 
NL on 
growth



Sandia Colleagues:
S. R. Lee –

 

XRD analysis
M. E. Coltrin

 

–

 

modeling
M. H. Crawford –

 

PL, LED studies 
A.

 

J. Fischer –

 

PL, photonics 
G. Thaler

 

–

 

MOCVD growth
J. R. Creighton –

 

InGaN

 

chemistry
G. T. Wang –

 

nanowire

 

growth
Q. Li –

 

MOCVD nanowire

 

growth

Thanks to:

NETL Program Managers:
Joel Chaddock

 
•

 
Ryan Egidi

 
•

 Morgan Pattison •
 

Brian Dotson

D. M. Follstaedt

 

–

 

TEM microscopy
N. A. Missert

 

–

 

CL imaging
K. E. Waldrip –

 

GaN bulk growth
J. J. Figiel

 

–

 

MOCVD tech.
M. J. Russell –

 

MOCVD tech.
M. Banas

 

–

 

PL tech.
R. M. Biefeld

 

–

 

manager 1126
D. L. Barton –

 

manager 1123
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